Abstract-When realizing carrier frequency offset estimation at low signal-to-noise ratios, a typical feed-forward synchronization unit solely relies on known pilot symbols. The importance of the position of these pilot symbols within the burst has been elaborated on in the literature. In this paper, we discuss the importance of the pilot symbol constellation for iterative code-aided synchronization. Furthermore, we investigate the transmission order of data symbols for a turbo coded system with code-aided synchronization.
I. INTRODUCTION
With the invention of turbo codes [1] , iteratively operating receivers have moved more and more into the focus of research. As compared to non-iterative receiver structures, such systems are capable of achieving a certain bit error rate (BER) at significantly reduced signal-to-noise ratios (SNR).
Accurate frequency synchronization is of particular importance as even small mismatches severely degrade the system performance in terms of the BER. However, parameter estimation in receivers utilizing iterative decoding is quite challenging as transmission occurs at low SNR [2] .
Conventional synchronizers perform estimation and correction of channel parameters prior to decoding. At low SNR, these synchronizers are usually operated in the so-called dataaided (DA) mode, where the estimation process is solely based on known pilot symbols. In the so-called non-dataaided (NDA) mode, only information that unknown data symbols convey about the channel is exploited.
Considering burst mode transmission, accurate carrier frequency and phase synchronization is a major issue. The principle of DA parameter estimation in this context was elaborated on in detail in [3] . The issue on how to position the pilot symbols within the burst structure was investigated in [4] . There, it was also pointed out firstly that for frequency offset estimation the mean squared error (MSE) decreases as the known samples, i.e. the pilot symbols, are spread further apart. It is shown in [4] that a pre-/postamble structure of pilot symbols is optimal for frequency offset estimation. In [5] , bounds for the estimation accuracy for different pilot symbol positions are given for the case of DA and NDA estimation.
However, all these works consider feed-forward synchronization. In case of the considered low SNR case, feed-forward synchronization is usually DA and thus solely based on pilot symbols. As the transmission of pilot symbols reduces the S. Godtmann thanks the Deutsche Telekom Stiftung for its financial support. spectral efficiency of the system, it is desirable to keep their number as small as possible.
The integration of synchronization into the iterative decoding process, commonly referred to as turbo synchronization [6] or code-aided synchronization [7] , is a promising approach to face this challenge. The basic idea is to use the soft information which is available after each decoding step to compute so-called soft symbols. With the aid of these soft symbols, parameter estimates are generated and subsequently used to correct the received signal prior to performing further decoding iterations. The synchronization can, thus, be described as code-aided. One main issue of code-aided synchronization is its estimation range. With estimation range, we denote the range of parameter offsets, in our case frequency and phase offsets, that the code-aided synchronization unit can efficiently compensate for and that therefore still allows for convergence.
When making use of the afore described code-aided synchronization, pilot symbols that are present in the burst support both the convergence speed of the system as well as its estimation range [8] . In this paper, we investigate the importance of the positioning of these pilot symbols in the burst. It is shown that this has a major impact on the estimation range.
Furthermore, we investigate the case of pure code-aided synchronization for a turbo coded systems, meaning that the burst solely consists of data symbols. We demonstrate that the positioning of systematic symbols, i.e. data symbols that consist only of systematic bits, within the burst influences the (asymptotic) estimation range.
The paper is structured as follows: the transmission model is introduced in Section II and the principle of code-aided synchronization is summarized in Section III. Section IV elaborates on the influence of the pilot constellation on the estimation range of code-aided synchronization, whereas Section V investigates different transmission orders of a turbo coded system against the same background. Section VI concludes the paper.
II. TRANSMISSION MODEL
The transmission model considered in this paper is shown in Fig. 1 . Information bits are grouped into packets of N bits, encoded either with a convolutional code (see Section IV) or with a turbo code (see Section V) and mapped onto a QPSK modulation alphabet A. The resulting K d data symbols are then transmitted over an additive white Gaussian 
Under the assumption of perfect symbol timing, the received baseband signal after matched filtering and sampling can be modelled as
with T being the symbol duration. The transmitted and the received symbol at sampling instant k are denoted as a k and r k , respectively. n k denotes samples of complex-valued AWGN with independent real and imaginary parts. In addition to the noise component, a phase offset ϑ and a frequency offset ∆f are introduced by the physical channel and the oscillators. As we will focus on the transmission of short bursts, phase and frequency offset are assumed to be constant for the duration of one burst. Let the time scale of each burst be defined such that the innermost symbol corresponds to k = 0. Furthermore, let K denote the entire set of time instants. The subsets K d and K p are related to data and pilot symbols. For later use, we define the K-dimensional vectors r and a as the concatenation of the symbols r k and a k , respectively.
III. TURBO SYNCHRONIZATION Turbo synchronization as proposed in [6] offers an iterative approximate solution to a maximum-likelihood (ML) estimation problem. Given the likelihood function p(r|b),
T , the ML estimate of b can be computed as:
whereb is a trial vector of the parameter set and p(r|b) can be marginalized according to
The Expectation-Maximization (EM) approach [9] is a method that iteratively implements ML estimation and offers the mathematical framework for turbo synchronization [6] . Using the superscript (n) to denote the iteration index, the estimators for frequency and phase offsets are given as follows:
where the so-called soft-symbols α k can be calculated as
The soft-symbols α k depend on a-posteriori probabilities P a k = a|r,b (n−1) . The soft information provided by a turbo decoder can be used for their approximation. This immediately suggests to perform synchronization and iterative soft decoding jointly, i.e. in a loop.
Note that for k ∈ K p , the soft-symbols in (4) and (5) are the known transmitted symbols a k .
Since the EM rule for frequency estimation (4) provokes a computationally expensive maximum search, a low-complexity frequency estimator based on linear regression has been introduced in [8] . As it can be demonstrated by means of simulations that the EM estimator (4) and the linear regression estimator [8] show virtually the same performance in terms of estimation accuracy, estimation range as well as convergence speed, we here make use of the low-complexity estimator.
IV. CONSIDERATION OF DIFFERENT PILOT SYMBOL CONSTELLATIONS
The importance of the position of the pilot symbols within the burst structure cannot be underestimated for both, feed-forward synchronization only based on pilot symbols (DA synchronization) and turbo synchronization.
Four exemplary pilot symbol constellation shown in Fig. 2 are investigated in this context. 'PP' denotes a pre-/postamble structure, meaning that half of the pilot symbols are placed at the beginning of the burst and the other half is placed at its end. 'PRE' denotes a pure preamble at the beginning of the burst, whereas 'MID' abbreviates also a pure sequence of pilot symbols that is placed in the center of the burst. 'DIST' stands for an equidistant distribution of the pilot symbols across the burst. Fig. 3 depicts the mean squared estimation error (MSEE) and the BER versus the initial frequency offset for these four pilot symbol constellations. The simulation is run for a simple system with a recursive convolutional encoder of rate 1/2 and a QPSK Gray-Mapping at a pilot rate of η = 0.1 1 . It is important to note that data-aided coarse synchronization is assumed to be completed beforehand. Thus, the initial frequency offset ∆f can also be interpreted as the residual frequency offset after coarse synchronization. Even though the initial phase offset is set to ϑ = 0
• , phase estimation is carried out throughout the whole estimation process. It can be seen in Fig. 3 that the estimation range depends significantly on the position of the pilot symbols in the burst. Furthermore, note that MSEE and BER perform similarly in terms of the estimation range.
As the phase offset ϑ is unknown at receiver side, it is also estimated within the synchronization process. Although phase offset estimation can be severely distorted by residual frequency offsets, it can usually be considered less critical and more accurate than frequency offset estimation. In order to decouple frequency offset and phase offset estimation [5] , the time scale of each burst is defined such that the innermost symbol corresponds to k = 0 (see (1) ).
Due to the fact that the less critical phase offset estimation compensates for the phase offset in the center of the burst, symbols that are placed there are protected better against 1 The results do not change qualitatively if different code rates or different amounts of pilot symbols are considered. distortions due to frequency offsets than symbols at the borders of the burst. Our examinations show that it is essential for the convergence of the system to place data symbols and not pilot symbols in the center of the burst. This also explains why the preamble constellation ('PRE') outperforms the constellation where pilot symbols are distributed equidistantly across the burst ('DIST'). Even for small ratios of pilot symbols, as here for η = 0.1, the 'DIST' constellation wastes some well protected positions in the burst center on pilot symbols and, thus, cannot achieve the same performance in terms of estimation range as the 'PRE' or the 'PP' constellation. Filling the burst center with only pilot symbols ('MID' constellation) obviously provides the smallest estimation range.
V. CONSIDERATION OF DIFFERENT TRANSMISSION ORDERS OF DATA SYMBOLS
When considering a turbo coded system, the grouping of bits to symbols and the transmission order of the data symbols (in our signal model this functionality is covered by the 'Mapper') is of significance for the estimation range of the code-aided frequency offset estimator.
For the sake of simplicity, we assume QPSK symbols a that either consist only of systematic bits a s , only of parity bits of the first encoder a p1 or only of parity bits of the second encoder a p2 . We here introduce the notation a s , a p1 and a p2 to denote the concatenation of all symbols consisting of systematic bits, all symbols consisting of parity bits of the first encoder and all symbols consisting of parity bits of the second encoder, respectively.
Due to the principle of turbo decoding, the protection of the systematic bits is crucial for the convergence speed of the decoding process, whereas the protection of the parity bits is crucial for the asymptotic performance, e.g. [10] . As the main issue of turbo synchronization is the convergence of the decoding and estimation process, we here successfully make use of this property and extend the estimation range by better protecting the systematic bits from initial parameter offsets. This is feasible, as the reliability of both parity and systematic bits improves during the synchronization/decoding process due to the continuing improvement of the frequency estimate. Therefore, good asymptotic behavior can be guaranteed nevertheless. Exemplary results for the MSEE and the BER are depicted in Fig. 4 . The estimation is updated after each turbo iteration and, in total, 20 iterations are performed. Results not shown here indicate that the estimation range is barely effected if the number of iterations rises beyond 20.
In accordance with the afore mentioned principle that the protection of systematic bits is crucial for the convergence behavior of the system, it can be shown that it is advantageous to place all symbols consisting only of systematic bits (a s ) in the well-protected center of the burst. This constellation outperforms the "natural" transmission order of transmitting systematic symbols and parity symbols in turn, as well as the other two transmit orders given in Fig. 4 . When comparing the transmit orders [a s , a p1 , a p2 ] and [a s , a p2 , a p1 ] , we note that the estimation range of the latter one is slightly wider than for the first one. As the vector a p2 consists of parity bits belonging to the second encoder, it is processed within the second half-iteration of the turbo decoding process. Thus, it can already slightly profit from the information that the first decoder has delivered, i.e. it operates already on improved apriori information. As the parameter estimate is not updated until the second half iteration is completed, the combination of well protected parity symbols a p2 and improved (extrinsic) a-priori knowledge [a s , a p2 , a p1 ] yields slightly better results than well protected parity symbols a p1 and zero (extrinsic) a-priori knowledge [a s , a p1 , a p2 ].
VI. CONCLUSION
This paper points out the significance of the positions of pilot symbols within the burst for turbo synchronization. As the center of the burst suffers least from the distortions due to parameter offsets in frequency, it is shown to be reasonable to place data symbols and not pilot symbols there. Furthermore, it is demonstrated that in a turbo coded system, systematic bits have a larger impact on code-aided synchronization than parity bits and should thus be transmitted in the well-protected center of a burst.
